Determining the position of animals at sea can be particularly difficult and yet, accurate range and position of animals at sea are essential to answer a wide range of biological questions. Shore-based theodolite techniques have been used in a number of studies to examine marine mammal movement patterns and habitat use, offering reliable position measurements. In this study we explored the accuracy of theodolite measurements by comparing positional information of the same objects using two independent techniques: a shore-based theodolite station and an onboard GPS over a range of 25 km from the shore-based station. The technique was developed to study the habitat use of sperm whales (Physeter macrocephalus) off Kaikoura, New Zealand. We observed that the position accuracy fell rapidly with an increase in range from the shore-based station. Results showed that the horizontal angle was accurately determined, but this was not the case for the vertical angle. We calibrated the position of objects at sea with a regressionbased correction to fit the difference in distance between simultaneously recorded theodolite fixes and GPS positions. This approach revealed the necessity to calibrate theodolite measurements with objects at sea of known position.
Introduction
Knowing the accurate geographical position is essential for studying the spatial behaviour of animals at sea. Accurate positional data can answer a wide range of biological questions related to their movement patterns, habitat use, and the effects of human activities [1, 2] .
A number of tracking methods can be used in order to obtain the position of animals at sea including recoverable data loggers, satellite tags [3] [4] [5] [6] [7] [8] , acoustic monitoring [9] [10] [11] [12] , and boat surveys [13] [14] [15] [16] . All of these methods require expensive equipment, and time to collect data and the observer can be a source of potential disturbance [17] . As a result, the geographical coordinates of animals at sea are ideally determined from shore using a surveyor's theodolite, first introduced by Roger Paine in 1972 (Describe in Würsig et al. 1991) [18] . Shore-based theodolite tracking is a technique offering an inexpensive and nondisturbing alternative to other tracking techniques.
By tracking animals at sea from land, a small amount of equipment is required and a larger area can be monitored in a shorter amount of time compared to boat-based station. The theodolite readings (horizontal and vertical angle) can be converted into longitude and latitude when exact theodolite position and height above sea level are known [18, 19] . However, shore-based tracking can only occur with animals passing close enough to the coastline to be sighted from the shore-based station. Previous studies using theodolite tracking have focused on coastal species such as dolphins within 5 km from shore [2, 17, 20, 21] . Shore-based tracking has also been used to monitor whales during their migration when their course passes close to shore [22] [23] [24] [25] [26] [27] [28] [29] or to examine the effects of human activities on whales [30] [31] [32] [33] [34] .
A number of parameters can influence the accuracy of the calculated position from theodolite fixes, such as the accuracy inherent to the theodolite, weather parameters (heat haze or swell), and the experience of the observer. One of the main problems with shore-based theodolite data is the increasing error in positional fixes with increasing distance. In order to improve the accuracy of theodolite readings Würsig et al. [18] summarized several of the necessary elements to organize a shore-based study. Errors in the calculation of the station elevation will bias the calculations of the animal's position. Therefore, the theodolite station height should be greater than 45 m and errors in the elevation calculation should be within ±10 cm. Thus far, a better understanding of the calculation of the elevation has been the focus to improve theodolite accuracy [18, 35] . Previous boat-based platform studies have assessed the accuracy of distance measurements of animals at sea at close range (0-2 km) using video cameras and binoculars. Gordon [36] compared the photogrammetric technique with laser rangefinding binoculars and nondifferential GPS and determined that there was a good agreement for ranges measured between these three techniques. Kinzey and Gerrodette [37] identified the accuracy with which distances can be measured from ships using the reticles in binoculars at a range of 0-8 km. They determined that the accuracy of distance measurements decreased with the distance of the object at sea [37] . Concerning shore-based tracking, Denardo et al. [1] established and calibrated a shore-based technique to measure interanimal spacing using a theodolite and a video camera over a 2 km range from the station.
In this paper, we compare positional information of the same objects from two independent techniques: a shorebased theodolite station and an onboard vessel GPS. By analysing how the difference in the positions from both techniques relates to the distance of the measured object from the shore-based station, we build a model to correct positions estimated from theodolite measurements. The objective of this study is mainly to describe a protocol that should be used when tracking animals at sea from a shore-based station. This protocol will offer the possibility to easily correct the positional error arising in such shore-based data.
Method
The theodolite accuracy correction was developed for a sperm whale (Physeter macrocephalus) habitat study within the Kaikoura submarine canyon in New Zealand. The proximity of the Kaikoura submarine canyon to the coast of the South Island makes it one of the few places in the world where male sperm whales are found close to the shoreline [38, 39] , offering the opportunity to track sperm whales from shore. A shore-based station was set up on a hill situated at the east end of the Kaikoura peninsula (42 ∘ 25 47. 1 S, 173 ∘ 41 54. 6 E) ( Figure 1 ) at a height of 99.88 m (±0.04 m) above sea level (method described by Würsig et al. [18] ). This location provided a good vantage point overlooking the study area encompassing the Kaikoura canyon and surrounding nearshore habitat.
Data Collection
To determine the theodolite's accuracy, we needed independently derived and accurate geographical positions of the same objects taken at the same time as recorded by the shore-based theodolite station. During our study, two research boats were operating inside our study area. One of the research vessels was a 6 m aluminium monohull used for behavioural and acoustic observation on sperm whales. The second vessel was a 5.5 m rigid-hull inflatable vessel used for a study on dusky dolphins (Lagenorhynchus obscurus). Both vessels were equipped with a GPS (accuracy within 3 m) and recorded the vessel's position every 15 seconds. From shore, we collected the positions of these research vessels using a Sokkia Set4000 theodolite (accuracy of angle measurement ±5 and measuring time less than 0.5 sec). For consistency, we fixed the boat positions by placing the theodolite crosshair at the waterline at the centre of the vessel. We connected the theodolite to a laptop running the tracking program Pythagoras [19] . The software transformed real-time theodolite readings into GPS coordinates corrected for curvature of the Earth and tide level and stored them for analysis [19] .
Results
During the study period we recorded a total of 347 theodolite fixes of research vessels ( Table 1 ). The positions recorded were between 2 km and up to 26 km from the theodolite station (Table 1 ) and were distributed along the whole study area ( Figure 2 ). For each research vessel position recorded with the theodolite, we extracted the time related position recorded with the vessels' onboard GPS.
We compared vessel positions based on theodolite readings with the time-related positions extracted from the vessels' onboard GPS ( Figure 3 ). Theodolite and GPS positions appeared to be on the same line as seen from the theodolite station when viewing from plan view (Figure 4(a) ). However, when seen from the side, theodolite and GPS positions differed (Figure 4(b) ). We hypothesized that while horizontal angles recorded with the theodolite were accurate, vertical angles were inaccurately determined. We investigated this hypothesis by separately examining the relationships between horizontal and vertical angles measured by GPS and theodolite.
To compare the accuracy, all theodolite fixes and onboard GPS positions were converted to a Cartesian system using the tool "calculate geometry" in ArcGIS 10.1. We also converted the geographic coordinates of the theodolite station in order to centre all the positions with the theodolite station. In order to calculate an angle towards a given position, we made use of the fact that we know the length of the vertical distance ( is latitude converted to the Cartesian system) and the horizontal distance ( is longitude converted to the Cartesian system) to this position.
The horizontal angle ( ) to the research boat position (GPS) or theodolite position (TH) can be calculated using the relationship tan( -GPS ) = GPS / GPS , tan( -TH ) = TH / TH . The vertical angle ( ) to the research boat position (GPS) or theodolite position (TH) can be calculated using the relationship using the distance from the position ( ) and the theodolite station height (ℎ):
The error in distance (Δ ) is given by subtracting the distances recorded from the GPS positions ( GPS ) and the distances recorded from the theodolite ( TH ):
We then determined the distance of the object at sea. As expected, differed significantly between theodolite and onboard GPS positions (Mann Whitney test, = 0.013). While the is resolved very accurately with the theodolite (Mann Whitney test, ns), is not (Mann Whitney test, = 0.013).
Since distance from the platform can influence accuracy of theodolite readings, we examined the relationship between distance from shore and the distance error between simultaneously recorded theodolite fixes and GPS positions ( Figure 5 ). We tested a couple of models to determine the best fitted model and we used the Akaike Information Criterion (AIC) to select the best model. A quadratic model of the form = * ∧ fitted the data best ( Table 2 ) and we plotted the best curve fitting for visualization ( Figure 5 ).
The best model ( ∼ * ∧ ) was used to correct theodolite fixes based on their distance from the theodolite station. After applying this correction to our data, the vertical angles of the theodolite fixes did not differ from the GPS positions (Mann Whitney test, ns). After calibration, theodolite positions did not differ from GPS positions anymore ( Figure 6 , Mann Whitney test, ns).
The corrected positions showed normal distributions of errors in distance suggesting no evidence of overall bias in distance after the correction (Figure 7 ).
What Is Influencing This Error?
A number of parameters can influence the accuracy of theodolite positions, such as the observer experience, the size of the boat, incorrect calibration, imprecision in measuring the theodolite height above sea level (waves, swell, and tidal estimation) and the refraction [36, 37] .
We illuminated the possibility of an error coming from an imprecision in measuring the height of the shore-based station. In order to avoid such an error we determined the height of the theodolite station twice during our study. We also checked the height of the theodolite eyepieces during the day to make sure that it did not vary. To determine the possible effect of the observers on the theodolite fixes, we modelled separately the error with distance depending on the year. During 2010, different people collected the data through the year and data collected from mid-2011 and 2012 were entirely collected by the same observer. By comparing the distance error on the annual dataset with the general distance error on the whole dataset we could assess whether experienced versus inexperienced observer influenced the accuracy in theodolite fixes. We hypothesized that a presence of observer bias will be described by a better accuracy of theodolite fixes towards the end of the fieldwork. However, there was no significant difference in the theodolite fixes corrected by years or corrected using the complete database (Mann Whitney test, ns). We also compared the error in distance from data collected from the same observer with the distance error in the whole dataset and there was no significant difference (Mann Whitney test, ns). After these analyses we determined that, in our study, the observer did not significantly influence the accuracy of theodolite fixes. We then looked at the possible impact of the size of the object being tracked. Analysis showed that there was no significant influence of the boat size on the fixes accuracy (Mann Whitney test, ns). Therefore, neither observer experience nor object size influenced accuracy of theodolite positions.
Because data were collected from a shore-based station, it was not possible to obtain accurate values for the swell height and the Beaufort sea state. Data were collected only during favourable weather conditions, limiting the effect of swell and Beaufort sea state on research vessels/sperm whales detection. Consequently, it was unlikely that these conditions influenced our results.
The possibility of an error in positioning the theodolite crosshair on the waterline can be one of the factors causing an overestimation of the distance from the shore-based station. Since size of the object will decrease with the distance, it became increasingly difficult for the observer to establish the position of the object waterline. In addition, the size of the theodolite crosshair remained constant, covering up distant and thus small objects, making it difficult to accurately locate the waterline. Therefore the error can come from the difficulty by the observer to accurately position the theodolite crosshair on the waterline which leads to an error that increases with distance.
Discussion
This study presented the accuracy in determining the position of object at sea using a surveyor theodolite over a distance range of 25 km from the shore-based station. Our results indicated that the model we provided can successfully correct the positional error in shore-based theodolite measurements of animals at sea. The particularity of this study was to focus on objects found at large distance from the shore-based station. The accuracy and precision of determining the distance of objects at sea has been previously studied for a range up to 8 km from the shore [1, 36, 37] . Studies using a surveyor theodolite for marine mammals tracking avoided collecting data at large distances because of the likelihood of inaccuracy in the distance estimation. These studies limited their data collection to a critical distance from the theodolite station in order to ensure consistent data [1, 26, 27, 40] . By having known GPS positions over the whole study area we significantly improved our theodolite measurements and this allowed us to collect data to the limit of the visual capacity. The method presented here could easily be used in other locations in order to accurately survey a larger study area from a shore-based station.
Theodolite estimation has been shown to be biased by the observer experiences. Our results showed that this factor was not significantly influencing the error. Our observers were trained before the fieldwork and one main observer was in charge of most of the theodolite data collection.
Previous studies found that the swell and Beaufort sea state were important factors influencing the accuracy of distance estimates for sightings of marine mammals [37, 41] . In our case, it was not possible to access a database providing information on swell and Beaufort sea state. We looked at the year effect and it was not statistically significant in our model, which suggests that the weather factors did not explain the bias in overestimation of the theodolite measurements.
The effect of refraction was not directly tested during our study. Light does not travel in straight lines; when light travels through the Earth's atmosphere, it is subject to refraction. Mirages and other refraction events are the result of the bending of rays in the Earth's atmosphere. For range measurement studies the effect of refraction will result in an angular error and the distance estimates of distant objects will be seriously affected. Several studies integrated a correction for the refraction for surveys using binoculars and video camera [36, 37, 42] based on the air temperature and pressure measured daily during their data collection. If the range measurements are not corrected with the refraction correction, distances will be negatively biased. In our results, the error increase with the distance, rejecting the possibility of an impact caused by the refraction. In addition, by regularly collecting the position of an object at known range during fieldwork all the parameters influencing the error can be corrected.
Optical errors can be an important factor in theodolite accuracy and can be affected by the fact that theodolite scopes are composed of a monocular scope with a single eyepiece. Therefore, it is harder to see the object due to the decreasing field of view, increasing the possibility of an optical error. Parallax error was also considered when positioning the theodolite crosshair. This error is caused by a change in the position of the eye which will change the point of aim of the scope. If the parallax error was important it should influence both vertical and horizontal angles and should differ between observers and days. However, in our study we determined that the horizontal angle was accurately determined by the theodolite.
The last and more probable error came from the crosshair positioning error. This study showed that the observer was able to accurately determine the general position of the object, described with an accurate horizontal angle, but what appeared to be difficult was to establish the exact vertical angle, the position where the object met the waterline. As the object became smaller with distance, it was harder for the observer to define the waterline. Moreover, the large size of the theodolite crosshair made it difficult to position it on small objects. In conclusion, with increasing distance, observers tended to place the theodolite crosshair on the object instead of on the waterline, creating a bias in the positioning crosshair. Positioning the crosshair on the object rather than the waterline will overestimate the distance and may cause the positive bias in distance estimation we observed.
During our study it was not possible to have constant objects found at different distances within our study area and collecting opportunistic vessel positions was the only approach to estimate positional error. Thus, the protocol we propose could be improved by using objects at constant positions, such as buoys. The difficulty will be to have enough such objects across the study area.
Conclusion
This study revealed the necessity of calibrating theodolite measurements when tracking animals at sea. Known GPS positions of objects within the study area should be used in all theodolite studies in order to correct the error with distance. One of the most important applications of this technique is its potential to improve the use of shore-based stations for habitat and abundance studies at the limit of visual detection.
